A central feature of an inertial fusion energy (IFE) power plant is a target that has been compressed and heated to fusion conditions by the energy input of the driver. This is true whether the driver is a laser system, heavy ion beams or Z-pinch system. The IFE target fabrication, injection and tracking programmes are focusing on methods that will scale to mass production. We are working closely with target designers, and power plant systems specialists, to make specifications and material selections that will satisfy a wide range of required and desirable target characteristics. One-of-a-kind capsules produced for today's inertial confinement fusion experiments are estimated to cost about US$2500 each. Design studies of cost-effective power production from laser and heavy-ion driven IFE have suggested a cost goal of about $0.25-0.30 for each injected target (corresponding to ∼10% of the 'electricity value' in a target). While a four orders of magnitude cost reduction may seem at first to be nearly impossible, there are many factors that suggest this is achievable. This paper summarizes the design, specifications, requirements and proposed manufacturing processes for the future for laser fusion, heavy ion fusion and Z-pinch driven targets. These target manufacturing processes have been developed-and are proposed-based on the unique materials science and technology programmes that are ongoing for each of the target concepts. We describe the paradigm shifts in target manufacturing methodologies that will be needed to achieve orders of magnitude reductions in target costs, and summarize the results of 'nth-of-a-kind' plant layouts and cost estimates for future IFE power plant fuelling. These engineering studies estimate the cost of the target supply in a fusion economy, and show that costs are within the range of commercial feasibility for electricity production.
Introduction
A central feature of an inertial fusion energy (IFE) power plant is a target (figure 1, e.g. shows a laser fusion target) that has been compressed and heated to fusion conditions by the energy input of the driver beams. A target development programme is under way to demonstrate successful target technologies for IFE applications [1] .
For direct drive IFE [2] , energy is applied directly to the surface of a spherical CH polymer capsule [3] containing the deuterium-tritium (DT) fusion fuel at approximately 18 K. For indirect drive [4] (heavy ion fusion (HIF)) the target consists of a similar fuel capsule within a cylindrical metal container or 'hohlraum' which converts the incident driver energy into x-rays to implode the capsule. For either target, it must be accurately delivered to the target chamber centre at a rate of about 5-10 Hz, with a precisely predicted target location [5, 6] . The relatively fragile cryogenic targets must survive injection into the target chamber without damage [7] .
The target fabrication facility (TFF) of a laser or heavy ion IFE power plant must supply about 500 000 targets per day. The feasibility of developing successful fabrication and injection methodologies at the low cost required for energy production (about $0.25 per target, about 10 4 times less than current costs) is a critical issue for inertial fusion [8, 9] .
Z-pinch driven IFE (ZFE) [10] utilizes high current pulses to compress plasma to produce x-rays which indirectly heat a fusion capsule. ZFE target technologies differ somewhat from the other IFE concepts in that the repetition rate is only about 0.1 Hz and the target yield is significantly higher (about 3000 MJ per target compared with about 400 MJ for laser and HIF) 7 . In addition, the (baseline) ZFE capsule is made of Be, which leads to different requirements for Z-pinch driven systems. Because of these differences, ZFE technologies are discussed separately from laser and HIF target technologies in this paper.
Target description and specifications

Laser fusion targets
Laser fusion IFE targets are directly illuminated by about 60 laser beams for a symmetric implosion. The baseline high gain target design from Naval Research Laboratory is made up of a low density foam capsule of about 4 mm outer diameter that has been overcoated with a 'seal coat' of 1-5 µm of CH polymer. A foam system of divinyl benzene (DVB) is being developed for this foam shell; its advantages include its relatively high strength and lack of oxygen in the chemical composition. The seal coat [11] has an additional few hundred Angstroms layer of high-Z material applied which will increase the reflectivity of the cryogenic target in the infrared during injection into a high temperature chamber [12] . Figure 1 shows the baseline target geometry and expected specifications for this design. The geometric specifications of non-concentricity, out-of-round and surface smoothness are critical for meeting the requirements for implosion symmetry. After filling and layering of the DT (see process description, section 3), the cryogenic foam capsule is placed in a protective sabot (figure 2) to allow acceleration using a gas-gun with room-temperature propellant gas. The sabot springs apart and the sabot halves are deflected from the capsule trajectory prior to its entering the target chamber. The target in the back half of the sabot is supported by a thin membrane which distributes the load and prevents point-contact loading of the fragile capsule due to the ∼1000g acceleration during injection (the membrane is not shown in figure 2 ). The material of construction for the sabot must (a) provide for minimum wear on the gas-gun barrel, (b) leave essentially no residue in the barrel that requires cleaning, (c) have the capability for low cost fabrication from recycled materials and (d) allow manufacturing to tolerances providing reproducible components 8 . A potential option for the laser fusion target that helps protect it from thermal radiation during its injection is illustrated in figure 3 . This 'foam-insulated' target [13] uses a relatively thin layer of foam to reduce the heat load to 8 Thermoset resins such as Vespel and Garolite have been shown to meet these requirements in experiments to date; processes will need to be developed to 'regrind/recycle' and mould these sabots to allow low cost operations. (This figure is in colour only in the electronic version) the cryogenic DT. This target configuration also has other advantages in that it allows faster permeation filling with DT.
S255
Heavy ion targets
A variety of target designs have been proposed for HIF, including the recently promising 'distributed radiator' design from Lawrence Livermore National Laboratory illustrated in figure 4 [4] . This target requires illumination by a number of beams from two sides, focused in an annular ring on the ends of the target. The ion beams deposit their energy all along the nearly cylindrical hohlraum materials, thus the term distributed radiator. The distribution of radiation is accomplished by tailoring the density of radiator materials in the target, which means that fabrication of a number of special high-Z doped CH foams and high-Z (metal) foams is required. The composition of these hohlraum materials is the subject of continuing target design evolution, and has led to development tasks that are unique to the HIF target. Other manufacturing aspects of the HIF target are similar to those of laser driven direct-drive IFE targets and to current experimental inertial confinement fusion targets (e.g. spherical shells, permeation filling). Potential material substitutions to the original target design (for manufacturing and cost reasons) have also been considered [14] . Some preliminary specifications for the distributed radiator target are also shown in figure 4 . Of significance to target fabrication requirements and processing conditions is the approximately five times rougher allowable DT inner ice surface finish and the approximately ten times rougher allowable ablator surface finish (as compared with the laser fusion target) [15] .
Z-pinch targets
In contrast to 'injecting' laser and HIF targets into a chamber, ZFE targets are 'placed' in the chamber about once every 10 s [10] . The baseline target configuration (figure 5, designed by Sandia National Laboratory) is centred in a 'dynamic hohlraum' 9 . At the centre of the target assembly is a DT filled beryllium capsule surrounded by low density foam. The foam is sealed and contains helium gas to aid in heat removal from the capsule (DT decay heat). Above and below this foam cylinder are reservoirs of liquid hydrogen. The reservoirs are made of tungsten (or potentially low carbon steel). The purpose of the liquid hydrogen is to absorb energy coming into the target assembly during handling. The added heat capacity of the liquid hydrogen allows a reasonable amount of time for insertion of the target assembly into the replaceable transmission line (RTL). A tungsten foil wall surrounds all these items. This wall provides the 'first strike liner' as required by the target design. It also contains the helium gas and provides a low emissivity radiation heat boundary. A pedestal of low density foam mechanically supports this assembly. In order to reduce heat leak, this foam has vacuum in its pores. The foam pedestal sits on the RTL sealing plate. This plate is attached to the RTL in order to maintain a vacuum between the RTL cathode and anode. More detailed specifications are still being defined for this target.
Production process description
Laser fusion targets
Microencapsulation is used to produce the spherical capsule that is at the heart of laser fusion targets. It utilizes a multiple orifice droplet generator that can produce capsules at rates as high as 30 s −1 , and is thus highly suited to mass production for IFE. Microencapsulation is being extended to the DVB chemical system for the NRL high gain direct drive target. This foam is of interest due to its chemical composition, only carbon and hydrogen, and its potential to reach low densities (10-100 mg cm −3 ) while maintaining relatively low cell sizes (∼1-2 µm). DVB foam shells are made using dibutyl phthalate as the solvent and 2,2 -azobisisobutyronitrile initiator for DVB crosslinking. The DVB is partially reacted and then microencapsulated with an interior water drop and an exterior polyvinyl alcohol aqueous stripping solution. The polymerization is completed by heating with rotation (to increase the shell uniformity). The shell is washed with isopropyl alcohol (IPA) to remove the interior water, and the IPA is in turn removed by washing with p-chlorotoluene. The final wash consists of isophthaloyl dichloride dissolved in p-chlorotoluene. Isophthaloyl dichloride is the 'oil' soluble reactant that will form the 'seal coat' at an interface between the oil phase (the shell) and an external water phase. The external water phase contains polyvinyl phenol, the other reactant in the condensation reaction that builds a 1-5 µm polymer overcoat with no replication of the foam cell structure. This shell is again washed with IPA, to remove the p-chlorotoluene and unreacted acid chloride, and placed in a temperature-controlled pressure vessel. The vessel is cooled and the shells are washed with CO 2 to remove the IPA. To finally dry the shells, the CO 2 is taken above its supercritical pressure and temperature (31˚C, 1070 psig) and vented. The supercritical CO 2 exerts minimal capillary forces on the foam; this protects the foam from being crushed during the drying process.
A thin gold and/or palladium coat is added to the shell outer surface through a physical vapour deposition process (sputter coating). This Au/Pd coating is about 30-100 nm thick; addition of Pd to the high-Z layer has been shown to greatly increase its permeability (thus allowing rapid filling with DT). In addition, an outer 'insulating' foam layer may be added to provide increased thermal robustness during the (later) injection into a target chamber (as illustrated in figure 3 ).
Filling of polymer capsules with hydrogen isotopes by permeation through the wall, removal of the excess DT after cooling to cryogenic temperatures (to reduce the capsule internal pressure and prevent rupture) and transport under cryogenic conditions have been well demonstrated in the laboratory [16, 17] . Precise control of the pressure differential across the shell during filling is necessary to prevent 'buckling' of the shell wall during the permeation process. Estimates of the DT filling (and layering) time and models to predict its effect on tritium inventory in a future TFF have been prepared [18] . Layering [19, 20] , the process of redistributing the cryogenic DT fuel into a smooth, uniform layer inside the ablator, has a critical effect on the performance (gain) of the target. Layering requires establishing an extremely precise (∼250 K), uniformly spherical temperature distribution at the surface of the capsule. A cryogenic fluidized bed is being evaluated experimentally for the capability to provide this temperature environment. The basic concept is for the fluidized bed to rapidly randomize the targets, yielding a very uniform time-averaged surface temperature. Preliminary design calculations for a power plant target supply system show that fluidized beds are of reasonable size. Beds are a batch process. If one assumes the beds are unloaded over a period of 3 h and the total cycle time for each bed is 24 h (that is 21 h to fill, cool and layer targets), the number of beds required is eight. At a 6 Hz shot rate, each bed will need to contain ∼65 000 targets in order to last through the unloading period. For beds with an inner diameter of 320 mm, targets with a diameter of 3.912 mm will form a settled layer ∼44 mm high. We have calculated for 0.5 atm helium levitating the targets so that the expanded height of the bed is 88 mm and the temperature rise from the bottom to the top of the bed caused by the tritium beta decay in the fuel is 54 mK. This is for a DT layer thickness in the target of 0.451 mm. It is expected that the targets will circulate through the bed with an average period of 0.27 s. In the approximation of a semi-infinite solid, the surface of DT will vary by 0.26 mK peak-to-peak when the helium at its surface varies sinusoidally with a 54 mK peak-topeak amplitude and 0.27 s period. A temperature difference of 0.26 mK across a target of these dimensions will create a layer non-uniformity of ∼1.2%. This is expected to be sufficient S257 Figure 6 . Components of the experimental system for developing and demonstrating target injection and tracking methodologies.
for ignition. Additionally, the DT layer redistribution time constant is ∼26 min, which is much less than the circulation time in the bed. This will induce further time-averaged thermal symmetry on the target, which will further improve the layer uniformity. Experiments have been conducted in a fluidized bed using a capsule filled with neopentyl alcohol as a surrogate for DT. The alcohol sublimes at temperatures moderately above room temperature. Infrared light was used to simulate the beta decay heating. Layering of the alcohol was observed. We are currently designing a fluidized bed experiment where the capsule will be permeated with deuterium and then placed in a cryogenic fluidized bed. Infrared heating will simulate beta decay heating. The bed will be ∼34 mm in diameter and capable of holding over 700 targets.
Experiments with DT wicked into low density plastic foam has shown the capability to achieve 'ice' surface finish values twice as smooth as previously achieved without the foam overlay [2] . Moreover, using the foam underlay, the temperature of the layered DT was successfully lowered to less than 16 K with an increase in surface roughness of only a factor of 2. This result is highly significant for IFE because the ability to use colder DT ice provides (a) more strength to withstand the acceleration (at 1000s of g) during the injection process and (b) more margin for heat-up and phase change of the DT ice upon exposure to high temperatures during its transit across the chamber.
Target injection must provide for repetitive placement of the filled, layered cyrogenic target at the chamber centre to within ±5 mm of a specified point at a rate of approximately 5-10 Hz. Target tracking systems must allow alignment of all driver beams with the target centreline to within about ±20 µm. A system for studying target injection and developing precise tracking methods has been constructed and tests are underway (figure 6). The system has been used to accelerate surrogate direct drive targets to appropriate velocities, to begin tracking of these targets with highly accurate systems and to demonstrate the concept of the separable sabot (under vacuum and at high speed). These tests have been done both in single-shot mode and in bursts of up to five shots at 5-6 Hz.
The ability to withstand the thermal transient and survive injection is a main issue associated with the target supply for a direct drive system (which lacks any protective hohlraum or container around the cryogenic capsule) [6, 7] . Following injection in the chamber, the target is exposed to heating from energy exchange with the chamber fill gas and from chamber wall radiation. The target must accommodate the resulting heat fluxes and maintain a high degree of spherical symmetry and surface smoothness to satisfy the physics requirements of implosion. The maximum heat flux that can be accommodated by the target (assuming it starts at ∼16 K and the outside DT surface temperature cannot exceed the triple point) is about 0.6-0.7 W cm −2 for a typical flight time of ∼15 ms. This can be met if the outside of the target is highly reflecting (emissivity <0.05), the chamber wall is less than 1000˚C and the density of the gas in the chamber is less than 10 mTorr (Xe at standard temperature). Unfortunately, the latter may be too low for protecting the first wall from ions created by the more energetic targets under consideration. The allowable heat flux can be increased by one of several methods. One is to inject the target at a lower initial DT temperature. Preliminary target design studies suggest that the target can be shot at 12 K or even less (i.e. no gas inside the DT shell) and still yield high gain. With a target velocity of 400 m s −1 , for every degree K that the target is cooled below the triple point temperature, calculations indicate that an additional ∼0.34 W cm 2 can be absorbed. Another approach with higher leverage is to coat the outside of the target with a thermally insulating foam (figure 3). Studies show the allowable heat flux can be increased by 20 times or more with this approach. The third approach is to evaluate the effect of allowing the outside of the target to go above the triple point. All of these are under study, and provide potential chamber operating windows compatible with target survival that are useful for design of an attractive power plant [21, 22] .
Heavy ion targets
Targets for HIF are in many ways similar to the NRL target, and programmes for their development are synergistic. An alternate layering method for HIF targets is to control the temperature profile in a stack of ready-to-shoot hohlraums sufficient to provide a uniform layer. However, it is expected that this method will be very difficult to implement due to the precise geometric controls required.
For example, microencapsulation is used to produce the basic fuel-containing shell (although the chemical systems differ, here it is polystyrene). Density-matched microencapsulation has been used in the laboratory to produce similar polystyrene capsules [23] .
This fabrication step is relatively well understood and demonstrated, although work remains to scale the process to larger batches and to increase product yields for IFE. Permeation filling in high pressure cells can be similar to that done for laser fusion. However, a critical decision is whether or not to assemble the capsule into the hohlraum prior to filling (i.e. prior to pressurization with DT). While 'warm' assembly of the capsule and hohlraum is certainly desirable, doing so dramatically increases the 'dead volume' in the high pressure permeation cell. Indeed, the tritium inventory increases by about a factor of 30 if the hohlraum is included in the filling step. This large increase in tritium inventory 'at risk' in the fabrication facility effectively rules out the possibility of warm assembly of the hohlraum, and requires that the filled, layered capsule be inserted into the hohlraum cryogenically 10 . One pathway is then to use the cryogenic fluidized bed for layering and then 'rapidly' place the layered target into the hohlraum just before it is accelerated into the target chamber (i.e. rapid enough so that the DT layer does not appreciably degrade, probably a maximum time of tens of seconds). Another potential method [24] is to place the filled, cryogenic, unlayered target into the hohlraum and then control the temperature profile on the outside of the hohlraum sufficiently to maintain the ∼100-250 mK capsule surface temperature uniformity necessary for a good ice layer. This method would have the advantages of (1) allowing a 'slow' assembly of the filled, cryogenic target into the sabot and (2) allowing a 'buffer' supply of ready-to-shoot targets available in a power plant (with injection being the only remaining process step). Figure 7 illustrates schematically this alternate concept of layering with the capsule assembled within the hohlraum, which can use a scalloped container to provide a passive temperature control method. Extensive and detailed thermal analyses have shown that in-hohlraum layering may be possible. However, it will require very precise control of hohlraum dimensions, alignments and material properties to remain within the required temperature uniformity at the capsule surface. For this reason, we consider the cryogenic fluidized bed to be the reference layering method for HIF targets and in-hohlraum layering to be a backup method.
The unique part of supplying the HIF target is fabrication of the high-Z metal foam radiators contained in the hohlraum. A new method is being developed to produce these radiator components in a production environment. Laser-assisted chemical vapour deposition (LCVD) utilizes a laser to catalyse a chemical vapour deposition in a controlled manners. A precursor molecule containing the high-Z element of interest is laser-decomposed to form lattices of high-Z low-density material. Diffractive optics are used to generate an array of hot-foci on an initial substrate, and the fibres are grown normal to the substrate by thermal decomposition of the precursor mixture. As the entire array is grown under computer control, the overall shape of the material can be varied at will, and (axial and radial) material gradients can be built into the latticesimplifying the design and assembly of target hohlraums. Thus, LCVD can 'grow' fibres and interlink fibres on the scale of a few micrometres to produce a 'microengineered' foam structure to meet the needs of material density, pore size, strength, rigidity and geometric shape. This process is rapid and thus amenable to production scale-up.
Moreover, a sequence is proposed whereby a series of steps centred around LCVD produce the entire HIF hohlraum from the 'inside out' in a single chamber. This method avoids precision machining steps, and eliminates issues of handling and assembly of low density materials. The fabrication sequence is envisioned as starting with lithography-defined membranes (end caps) that are vacuum mounted to holding fixtures (figure 8). A multiplexed laser array produces fibres of the desired material with controlled diameter and array spacing to give the desired foam density. Precursor gas flows are controlled to allow changing materials, even allowing a gradual change in density and material content within the sample. After the foam components are produced, suitable processes (such as flame spray or plasma spray) are used to overcoat the foam wall and build a thick overlayer for support and containment. The hohlraum is then inserted into a casing with a cap to facilitate reactive injection moulding of a polymer case (for handling and injection purposes, figure 9 ). A filled, layered capsule freshly taken from the cryogenic fluidized bed is then placed within the bottom hohlraum part, and the top part is placed over the capsule ( figure 10) . Injection of the entire hohlraum into the target chamber then occurs with methods similar to those discussed for the direct drive target sabot. The target placement requirements have been defined as similar to direct drive, at ±5 mm 11 . The tracking accuracy requirement for heavy ion targets is alignment of the driver beams and the target to within approximately ±0.1 mm perpendicular to the injection axis and about ±0.3 mm along the injection axis 12 .
Z-pinch targets
Z-pinch targets represent a variant of the 'indirect drive' design. The target assembly ( figure 5 ) is surrounded by a concentric 11 Desired positional values may be less than ±5 mm for minimizing the size of Flibe channels for beam steering, thus reducing the shielding needed outside the chamber. This is a tradeoff of plant cost optimization. 12 The relaxed requirement along the injection axis is due to the narrow angle from which the beams approach along this axis. Figure 8 . LCVD is being developed at Los Alamos National Laboratory to allow microengineering of unique low density metallic foams needed for the heavy ion driven IFE target hohlraum (courtesy of James Maxwell, LANL). Processing steps for creation of a HIF hohlraum include producing the bottom hohlraum half using LCVD, followed by enclosure within a plastic case for handling (courtesy James Maxwell, LANL). wire array. The wire array consists of approximately 300 fine tungsten wires arranged vertically in a cylindrical shape. During the shot, a large current flows axially down the wires. The current creates a large circumferential magnetic field which implodes the wire array towards its centre. The wires vapourize from the heating into a plasma, which continues to carry the current. The plasma is accelerated inwards until it strikes the outer wall of the target assembly. The target assembly and wire array assembly are inserted into the RTL at a cryogenic station, such as illustrated in figure 11 . In this concept, pre-assembled wire arrays and filled/layered target assemblies are brought into the cryostat. The design allows the vacuum space between the RTL's anode and cathode to be maintained while the assembly process is performed. The RTL is mated with the cryostat in figure 11 through the use of an inflatable vacuum-tight seal. Once the gate valve at the top of the cryostat is opened, the vacuum space between the RTL cups is continuous with the vacuum space inside the cryostat. Robots in the cryostat remove a temporary vacuum sealing plate from the RTL, then insert the wire array assembly and target assembly into place. A vacuum seal is made by welding (or snap joints) at the lower RTL electrode where it contacts the target assembly, and then the entire unit is removed from the cryostat and placed into the reactor chamber. A simple thermal analysis of the cooling capacity of the hydrogen buffers (sized as shown in figure 5 ) shows that the total time from when a target assembly is removed from the cryostat until it is shot must be less than 38 s. This time is divided up into 34 s exposed to room temperature and 4 s exposed to a temperature of 900 K (i.e. when exposed to the hot chamber for final placement).
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The mass production of a beryllium capsule for the Z-pinch target is a significant departure from previously developed technologies (or those under development), as compared with laser fusion and HIF. A possible process for mass producing the Be capsule involves methodologies similar to those used to make aluminium soft drink cans. Rolled sheets S260 Figure 12 . Plastic capsule option for ZFE takes a filled CH capsule from a cryogenic fluidized bed and loads it into a previously prepared target assembly ready for rapid assembly.
of Be with a thickness slightly greater than the required capsule wall thickness is cut into circular disc shapes using a stamping process. The Be discs are hot forged at about 800˚C to form hemispheres, and the edges of the hemispheres are trimmed to form a clean planar bonding surface. Holes of about 0.5 µm diameter are drilled into one half, and the edges are coated with about 0.025 µm of copper. The hemispheres are assembled together into a sphere, then pressed together and heated to about 900˚C to bond them into a capsule (via diffusion of the copper into the beryllium). The capsules are batch-filled with DT in a pressure cell, and the holes are sealed by laser welding through a window in the cell. Use of the Be capsule for the Z-pinch target simplifies the entire target assembly process since (a) the target can be filled and the Be can withstand the fill pressure at room temperature (i.e. avoids cryogenic transport after filling) and (b) the much higher thermal conductivity of the Be capsule wall greatly simplifies the requirement for uniform isothermal temperature control during the layering process (i.e. one can just cool an entire assembly, and there will be a uniform temperature around the capsule).
While the Be capsule for ZFE offers significant advantages, the proposed process for mass production has not been experimentally evaluated, and most steps of the process can be characterized as 'conceptual'. Another option is to utilize a CH polymer capsule similar to HIF. In this case, the capsule must be cooled to cryogenic temperatures prior to removal from the pressure (permeation filling) cell, it must be transported cryogenically and the layering process must provide a highly isothermal environment. One sequence to allow the use of CH capsules takes advantage of the synergism between ZFE and laser fusion development programmes. The CH capsule is permeation filled and is then layered in a cryogenic fluidized bed system (figure 12). The filled, layered capsule is then 'quickly' assembled into the dynamic hohlraum target assembly with the liquid hydrogen thermal buffer cans at each end for cooling. The foam is pre-formed to allow positioning of the capsule within the target assembly. While each of the two approaches, Be and CH capsules, has uncertainties and requires significant development, they represent promising design concepts that indicate the feasibility of utilizing a Z-pinch system for producing energy.
Manufacturing approaches
Paradigm shifts for IFE targets production
To understand the basis for developing a cost-effective target supply for IFE and reducing costs per target by about four orders of magnitude, one must recognize the tremendous differences in the criteria and requirements for current-day experimental targets and those that will apply to high volume manufacturing of IFE targets. Consequently, major new 'paradigms' must be incorporated into the manufacturing approaches for IFE. The first major step is to think in terms of continuing process improvement with a constant product line. This eliminates the highly significant development (firstof-a-kind) costs for experimental targets. Second, statistical process control will be employed along with rapid 'quickcheck' methods to ensure the validity of each target prior to injection. This eliminates the major costs due to individual characterization of current day targets. Third, ongoing target technology development programmes will result in increased product yields and, finally, nth-of-a-kind production plants will naturally operate with larger batch sizes. These factors will all contribute to the reduced costs of mass production of targets.
Given these differences, the major steps for cost reduction for IFE targets are summarized below:
(
1) Eliminating first-of-a-kind (FOAK) costs.
Currently delivered targets for experiments are nearly always unique, with most of the labour going to development and trial runs. For example, experimentalists often specify production of a systematic series of targets, with varying layer thicknesses, dopants and dopant concentrations and total target size. At times, trial runs are necessary to provide samples meeting the experimenter's requirements. Sometimes, even new methodologies must be developed and demonstrated to provide the requested samples. In fact, current day production essentially never manufactures more than one batch of any single target design. We estimate the average FOAK development cost now as hundreds of hours per target. In contrast to this, the FOAK cost for IFE production will be almost nonexistent (some small ongoing process improvement cost can always be expected). While these data may be essential in understanding the detailed diagnostic results from an experiment, it is clearly something that will not be part of routine IFE target production. Instead, statistical process control will be employed based on a defined sampling plan. And, likely, rapid quick-check methods will be employed to ensure the validity of each target at various stages of the manufacturing process, as well as prior to injection. We estimate that the current pedigree, on average, also requires hundreds of hours of labour. Between elimination of FOAK costs and elimination of the pedigree, we estimate cost reductions of about two orders of magnitude are readily achievable. This leaves only a factor of about 100 that requires true technical advances (as discussed later). Figure 13 . Analogy of IFE target fabrication cost reductions needed with historical experience of gas-cooled reactor fuel particles.
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(3) Increasing yields. Consistent with the constantly changing specifications for experimental targets discussed above, current yields are quite low. The best targets are often hand-picked to provide the optimum product for an experiment. Overall, average yields are estimated in the range of about 1-5% (this also reflects the fact that batches are fabricated and only a few samples may actually be selected, characterized and delivered ready for use in an experiment). The goal of the IFE target fabrication programmes must be to provide sufficient development to achieve product yields in the vicinity of 95% or greater. This increase in yield is a quantitative criteria for defining the development programme. (4) Batch size increases.
Like increases in yield, a requirement for the target technology development programme is to provide processes that can operate at large batch sizes (or continuous processes) with minimal labour. Between increased yields and batch size increases, two orders of magnitude cost reductions are clearly within the grasp of significant development programmes.
Analogous large-scale cost reduction examples
Manufacturing scale-up and cost reduction examples abound in large industries such as computing and electronics. Moore's Law is a commonly cited example of major advances in cost reduction that can be obtained for a technologically complex product given sufficient motivation and development funding 13 . It has been estimated [25] that in 1973 one got about 1 million transistors for the price of a house (nearly $100 000) but in 2005 the price will be that of a Post-It ® (about $0.005)! More closely analogous to target manufacturing, and in the experience base of General Atomics, is the production of nuclear fuel particles for gas-cooled reactors. Fuel particles-like IFE targets-have spherical symmetry and multiple precision coating layers of high and low density materials. Both targets and fuel particles have stringent quality requirements, utilize particle processing and automated 13 There is a key difference in this analogy as applied to IFE targets, however. Moore's Law involves an evolution to faster and cheaper processors that is driven by commercial forces. These commercial forces gradually reduce cost and increase processor speed as users want to purchase ever faster and cheaper processors. Revenue from cheaper processors is fed back to R&D programmes to improve processor characteristics. With IFE targets, the feasibility of low cost targets will be verified with long term R&D programmes prior to commercialization.
handling methods (e.g. image processing, optical and x-ray), require measurements of layer symmetry, thickness and density and utilize statistical quality control and/or rapid '100% inspection' methods. One method that GA has used previously to reduce the costs of nuclear fuel particles 14 is fluidized bed technology. This technology is currently being explored experimentally for production of targets [1] . Figure 13 illustrates the cost reductions obtained and projected for fuel particles compared with the reductions needed for IFE targets. Over 10 11 fuel particles 15 were made in a production pilot plant for the Fort St Vrain Nuclear Generating Station in Colorado. Projected nth-of-a-kind costs were obtained by both actual equipment scale-up and further projections by detailed commercial cost studies (dotted line in figure 13 ).
Target fabrication facility design and analyses
It is not our short-term goal to develop a 'final' design of a facility to mass produce targets. However, it is our goal to show the viability of manufacturing targets at a cost that will allow economical generation of electricity. For laser and HIF targets, the electricity value in one target is approximately US$3. While there is no fixed requirement for the 'fuelling' cost of a future IFE power plant, one can consider that spending about 10% of the electricity value on fuel would be a reasonable solution. This rough approximation results in the cost goal for IFE targets of about $0.30, which has been mentioned often. To evaluate whether such cost goals can be met, we have prepared preliminary layouts and cost estimates for future target fabrication. In this analysis, it is assumed that the long term R&D programmes that are needed to develop production processes have been accomplished. We assume that our best understanding today of the technologies and controls required for target manufacture are valid. The major paradigm shifts discussed previously are assumed to have taken place. With time, evolution in manufacturing technology will continually reduce the costs of each target that can be demonstrated. Therefore, estimating the cost of targets requires one to select a single time frame in the evolution of target manufacturing. For this analysis, we define our 'point of evolution' for cost estimating purposes to be the complete optimization (i.e. nthof-a-kind plant) for the current day understanding of target manufacturing processes 16 . We have utilized a classical chemical engineering approach to the costing. We have identified potential manufacturing and handling processes for each step of production, and have evaluated the raw materials, labour force, cost of capital investment and waste handling costs for providing approximately 500 000 targets per day. We have prepared preliminary equipment layouts, and determined floor space and facility requirements. The analyses utilize standard industrial engineering cost factors.
In these analyses, it is assumed that the power plant produces its own tritium which is extracted from the breeding material and purified-the cost of the tritium production, extraction and purification steps are not included in the target production cost and must be considered separately 17 . The pertarget cost basis is for current year dollars; one can assume an escalation factor of 3% to 5% per year until plant construction takes place.
Direct drive target cost analysis results
Laser fusion targets have been the subject of the most extensive and well-documented analyses for future target manufacture of all the concepts considered. We have prepared preliminary equipment layouts (figure 14), and determined floor space and facility requirements for nth-of-a-kind production of high gain laser-driven IFE targets. The results for a 1000 MW(e) baseline plant indicate that the installed capital cost is about $100M and the annual operating costs will be about $19M (labour $9M, materials/utilities $4M, maintenance $6M), for a cost per target of slightly less than $0.17 each.
To arrive at this cost, a number of process assumptions have been made, based on (1) preliminary requirements for the NRL high gain direct drive targets, (2) discussions with researchers in each of the enumerated process steps to reflect their latest findings and (3) interactions with vendors of process equipment that is adaptable to this service-such as critical point driers. The plant conceptual design includes a process 16 The costing in effect assumes that a standard architect/engineering firm can be given a set of facility drawings and can construct the target manufacturing plant. 17 The basis for this separation is purely historical-costs to produce targets and costs to produce tritium have traditionally been reported separately. flow diagram, mass and energy balances, equipment sizing and sketches, storage tanks and facility views. The plant operates on a batch-continuous mode wherein batches of targets are placed in rotary contactors to yield wet, overcoated shells. Each process step requires a discrete period of time prior to the entire contactor (and contents) moving on to the next step-analogous to an automobile assembly plant. This will minimize the transfer of targets from one piece of equipment to another until they are overcoated (and thus more durable) to minimize damage and improve yields. After the wet targets are removed from the rotary contactor, they are then dried, sputter-coated and DT-filled in batches prior to being layered in a continuous delivery to the target injection system. The cost estimating process uses established cost estimating methods and factors for the chemical process industry. Recycling and beneficial reuse of process effluents is designed into the facility. A detailed material and energy balance was prepared to provide information on flow rates and quantities of raw materials, finished products and byproducts for the entire plant. All of the cost calculations for chemicals, utilities and waste disposal use mass quantities calculated in the material and energy balances. Statistical sampling of target batches will be performed at each process step to avoid unnecessary further processing of out-of-spec targets. Finished dry shells will be sampled at 100% quality assurance in a final flow-through step and stockpiled, potentially at a central facility serving multiple power plants. The target would be DT-filled and layered on-site prior to injection. For these cost estimates we make an arbitrary assumption that the final product reject rate is 25% 18 . Plant capital costs are treated as an annual expense, paid for by a combination of sources (typically debt/bonds, preferred dividend stock and common equity stock). Standard financial treatments result in a levelized charge rate corresponding to an annual expense. Here we assume a 12.5% fixed charge rate for a 30 year facility.
A generous operating staff has been allocated to the laser fusion target production plant. There are 12 staff working a normal weekday and an additional 28 production personnel present per shift to operate the plant. The model assumes five shifts are needed to cover 24/7 operations, accounting for vacations, holidays, etc. Maintenance expenses are calculated using a factored percentage, 6% per year of installed capital costs. Utilities, waste disposal and chemical costs are calculated based on current day vendor prices coupled with mass and energy balance data.
Further details of the laser fusion cost estimating process can be found in [9] . All details, including mass and energy balances and spreadsheets for individual cost parameters, are documented in General Atomics internal reports.
Indirect drive target cost analysis results
The HIF target cost estimates build upon the detailed cost studies completed for laser fusion targets, as described above. In some cases process differences were evaluated to determine relative cost numbers. Compared with the laser fusion target, 18 Actual final product reject rates are of course expected to be much less than 25%, and the rejects will take place at various stages throughout the process. Statistical sampling plans are designed to reduce cost by minimizing rejects late in the process after significant investment has already been made for the product. the heavy ion driven, distributed radiator design has additional hohlraum components-but has a simpler capsule design. Changes to the originally published target design for reducing manufacturing costs are under way. Final choices for the hohlraum materials are still being evaluated, and individual target materials may or may not be recycled. For example, the original published target design utilized a number of hohlraum areas containing a mixture of gold and gadolinium at various densities. The cost of gold (and the scarcity of gadolinium) would require that these materials be recycled indefinitely in the plant fuel cycle. Recycling reduces the radioactive waste streams from the facility of course, but requires a high level of material purification 19 and also requires remote (and/or contaminated) manufacturing process steps. In fact, our preliminary estimate of the cost of providing fully remote handling of the recycled hohlraum materials in this case (as well as fully remote maintenance of related target handling equipment) exceeded the electricity value of the target. We therefore evaluated lower cost hohlraum materials that could be used in a 'once-through' cycle and then discarded as low level waste (i.e. removed from the coolant prior to building up high radioactivity). One potential solution 20 is to use a mixture of lead and hafnium, an about 70/30 mixture results in an about 2% plant energy loss (as compared with the original Au/Gd), and results in about $8000 per day worth of source material being discarded, which is small compared with the additional cost of utilizing highly radioactive material in the target production plant.
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Assuming a polystyrene shell and use of a Pb/Hf mixture for the hohlraum components (and no near-term recycling of hohlraum materials), the estimated cost for target mass production is about $0.41 each. While optimizing of the target design and fabrication processes will certainly continue, this is a very encouraging result with respect to meeting target supply cost goals. The Pb/Hf mixture entails an energy penalty in the gain of the target, and other materials may eventually be preferred. However, requiring near-term recycling of hohlraum materials adds significantly to the per-target cost, 19 That is, not just sufficient for 'clean-up' of the molten salt coolant but sufficient elemental purification to allow reuse in targets. Coolant clean-up and material purification has not been traditionally counted in the cost 'per target'; however, this is still an operating cost for the plant that must be counted somewhere. 20 There are several other solutions that have been identified, including use of lead only (reduces cost of discarded material per day to about $250 but has a plant energy loss of about 12%-a highly costly loss for a 1000 MW(e) power plant) or use of tungsten only (also has an energy loss of about 12% but eliminates the disposal of 'mixed waste'); however, tungsten has an additional issue of precipitation in the molten salt coolant that must be addressed with active coolant chemistry control protocols. due to the need for remote handling and maintenance in the facility.
Z-pinch driven targets
On the same basis for costing as described above, we performed preliminary analyses of methods for the mass production of foam cylinder assemblies (foam plus capsule) to be used in the target assembly of a Z-pinch driven power plant. Assumptions were made on the design of the target assemblies, their required production rate (1 Hz, equivalent for ten chambers, 1000 MW(e)) and their manufacturing process. Current foam production techniques were scaled up to mass production levels. Costs were calculated for ten categories of capital equipment. Operating costs were calculated for labour, consumable materials, electrical power, maintenance and waste disposal. The results for a 1000 MW(e) baseline plant indicate that the installed capital cost is about $17.8M, and the annual operating cost is about $19.5M. The corresponding cost estimate per target is estimated at $1.83 each. Given the proposed target design of 3 GJ yield per target (about $22.50 worth of electricity), this preliminary result represents a little more than 8% of the energy value. Additional optimization of the mass production process could be expected to further reduce this estimated cost. Of course, the additional components of the wire array and the RTL must be considered in a total fuelling cost estimate.
A comparison of the target production cost estimates for laser fusion, HIF and ZFE is given in table 1. All are normalized to a possible 1000 MW(e) power plant system, and are based on the assumptions described in the text. A TFF lifetime of 30 years is assumed for all concepts.
Summary and conclusions
At present, individual targets used in inertial confinement fusion experiments are produced with considerable time and expense. In contrast, the 'TFF' of a laser fusion or heavy ion driven IFE power plant must supply more than 500 000 targets per day, including manufacturing the spherical target capsule and other materials, filling the capsules with the DT fusion fuel, redistributing the frozen DT uniformly around the inside of the capsule and assembling the hohlraum (for HIF). Demonstrating a credible pathway to a reliable, consistent and economical target supply is a major part of establishing that IFE is a viable energy source. We have presented here an overview of the proposed baseline target manufacturing methodologies that have been derived from the development programmes associated with fuelling of an IFE power system.
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These development programmes focus on the unique materials science and chemistry for each target design. We have prepared preliminary estimates of the costs associated with producing large quantities of targets, and we have found that these costs are within the range of commercial feasibility. This is a significant conclusion for the viability of future inertial fusion power plant concepts.
While we have not focused here on the materials science development programmes themselves, they are highly leveraged from the technological database of ICF and other experimental programmes. The target development efforts have made significant progress in recent years. As a summary, all the processes needed for supplying targets to fuel an IFE power plant have been identified and critical issues are understood-as described in this paper. The target development plans have been established, and research teams are generating results in a focused and mission-oriented fashion.
Over the next several years, we can expect to see target concepts further defined with detailed process scenarios, and we can expect to see targets meeting specifications that are produced using equipment and processes that are scalable to mass production. For target injection, a new and versatile facility for studying injection and tracking has been constructed and room-temperature target injection experiments have begun, both single shot and rep-rated. The system has successfully demonstrated the sabot separation needed for handling direct drive targets. Current work is focused on upgrading this injector for rep-rated (5-10 Hz) operations and for tracking experiments under various (simulated chamber) conditions. Future work will convert the system for use with cryogenic targets injected into a high temperature chamber at 5-10 Hz. To this end, we have defined the characteristics and requirements of such a next-phase project to validate the technology of full-scale components [19] . Elements of the facility include mass production (in batch mode) of cryogenic targets, injection into the chamber (under simulated background gas and wall temperature conditions) and steering of a low energy pulsed laser onto the target in flight.
Overall, reference target designs, issues and R&D needs have been identified and a programme of concept demonstration is well under way. Much progress has been made in defining mass production scenarios for laser, heavy ion and ZFE and addressing the unique science and technology issues for target fabrication and injection. Preliminary cost estimates for laser fusion and HIF show that commercial feasibility is obtainable for the target supply; and work is still under way to define the totat cost for ZFE. Although much work remains to be done, our initial results are promising and suggest that a credible pathway to a reliable, consistent and economical target supply is within reach.
